Prostate cancer is one of the most common uro-oncological disease in men and is globally leading cause of cancer related deaths in males. The somatic mutation has a strong link in the occurrence of cancer. Mutation in the oncogenes and tumor suppressor genes that alter key cellular functions can lead to prostate cancer initiation and progression. Whole genome sequencing has identified numerous genetic alternations and further provided a detail view of the mutations in genes that drive progression of prostate cancer. TP53, SPOP, PTEN, ATM, AR, CTNNB1, FOXA1, KMT2D, BRACA2 and APC were found as frequently mutated genes in prostate cancer. Using data from cBioPortal and PubMed, this review summarizes the status and possible impact of mutations in these driver genes on survival, progression, and metastasis of prostate cancer. This study will contribute a better understanding of biological basis for clinical variability in prostate cancer patients and may provide new genetic diagnostic markers and drug targets.
Introduction
Prostate cancer is the second most commonly occurring cancer in men worldwide and accounts for an annual mortality rate of >250,000. In 2018, 1.3 million new cases were diagnosed globally. In the United States, the American Cancer Society estimated that about 174,650 new cases and about 31,620 deaths will occur from prostate cancer in 2019. Although various therapeutic options are available to control prostate cancer, it is still not well managed clinically due to a poor current understanding of its development at a genetic level. Even after treatment, tumors invariably relapse into incurable metastatic castration-resistant prostate cancer (CRPC) [1] . Recently large scale genomic sequencing has been done, which is brought forth a better understanding of the genomic landscape of prostate cancer. Since in the last few years, extensive data on prostate cancer genomes have been published and revealed several genetically distinct alterations in the genes. These alterations include recurrent somatic mutations, chromosomal rearrangements, and copy number gains and losses.
Although analysis of the prostate cancer genome began at the early of this century, recently the tremendous effort on whole genome sequencing represented a breakthrough in the analysis of hundreds of tumors [2, 3] . cBioPortal for Cancer Genomics, a Web-based resource of genomic data, provides visualization, analysis and share large-scale cancer genomic data sets from thousands of patients worldwide. In this review using the cBio Cancer Genomics Portal (http://cbioportal.org) data, we will discuss the highly mutated driver genes of prostate tumorigenesis. Somatic mutations in the genes that drive tumorigenesis are called driver genes. Although as of now cBio Cancer Genomics Portal comprises data of 18 studies on prostate adenocarcinoma, we will analyze data from most recent studies that include Prostate Adenocarcinoma (MSKCC/DFCI 2018), The Metastatic Prostate Cancer Project (Provisional 2018), and Metastatic Prostate Adenocarcinoma (SU2C/PCF Dream Team 2019). In 2018, MSKCC/DFCI performed sequencing on 1013 (680 primary and 333 metastatic) cases of prostate adenocarcinoma; while Metastatic Prostate Cancer Project analyzed genome sequencing of 19 samples in the same year. Recently SU2C/PCF Dream Team has sequenced 444 samples and provided a genetic landscape of prostate adenocarcinoma for understanding this complex disease. The data of these studies demonstrated that prostate adenocarcinoma has several genomic alterations, which are responsible for tumorigenesis. This article will focus on highly mutated driver genes (≥3%) in prostate adenocarcinoma. Table 1 summarizes the highly mutated genes in these three recent study datasets. The findings of these studies demonstrated that the most frequently and highly mutated genes in prostate adenocarcinoma are TP53, SPOP, FOXA1, ATM, AR, PTEN, CTNNB1, KMT2D, BRACA2, and APC. However, certain cancer drivers are mutated in a small fraction of prostate tumors [4] .
Although prostate adenocarcinoma has lesser mutations than other cancer types, they have a high rate of genomic instability and chromosomal rearrangements [5] . However, several studies suggest that compared to primary tumors, metastatic CRPC have about five times more mutations [6] [7] [8] . As per the cBio Cancer Genomics Portal database, the most frequent genomic mutation in prostate adenocarcinoma is TP53 (18-42%). Besides mutation, TP53 has other genomic alterations such as deletion, amplification etc. that contribute 2-10% of instability. The role of TP53 and other mutated driver genes in tumorigenesis of the prostate will be discussed.
Major mutated driver genes
To discover the genetic driver of prostate cancer, large-scale genome sequencing has been done and identified a number of mutated genes. We will discuss some important frequently mutated genes, which are mutated in approximately 3% of prostate tumor samples and that drive prostate cancer progression.
TP53
The TP53 tumor suppressor gene is one of the most frequently mutated genes in human malignancies [9] . According to the PRAD (MSKCC/DFCI 2018) study as mentioned in the cBioportal dataset, 20.53% of prostate tumors had altered genomes. Moreover, 18.56% of prostate tumors (188 out of 1013 samples) were with mutated TP53. However, The MPC Project study revealed that 52.63% of prostate tumors have various alterations including a mutation in TP53 gene; while 42.11% of tumors have only mutations (8 samples out of 19) in their genome. Recently the Prostate (SUTC 2019) study revealed that 36.26% of prostate tumors (161 out of 444 samples) have a mutation in their TP53 gene whereas 40.09% of tumors have various alterations in their genome. Besides these, another study has shown that 35.6% (32 out of 90 patients) tumor samples of prostatectomy contain one or more TP53 mutations. However, among them, 40.6% of prostate tumors with TP53 mutations were associated with cancer progression [10] .
The p53 protein, sequence-specific transcription factor, plays a key role in maintaining genomic stability and preventing tumorigenesis by arresting the cell cycle, DNA repair, and apoptosis under stress condition [11] . Mutation in the TP53 gene is known to imbalance the cell homeostasis that drives toward tumorigenesis. It has been shown that a single mutation in TP53 (R270H) was sufficient to induce prostate cancer in mice [12] . Ecke et al. [10] reported that 40.6% of mutated TP53 leads to tumor progression in prostate cancer patients. Besides these, mutation or deletion of TP53 also increases the risk of prostate cancer metastasis andrecurrence and recurrence [13, 14] . Thus, the mutation in the TP53 gene drive prostate cancer initiation, progression, metastasis, and recurrence.
SPOP
Prostate tumorigenesis is facilitated by frequent mutation in SPOP (Speckle-type POZ Protein) gene as elucidated by genomic sequencing analysis [3] . As mentioned in Table 1 , the PRAD study revealed that 9.38% (95 samples out of 1013) prostate tumors have alterations in the SPOP gene. These 9.38% alterations represent the only mutation in the SPOP gene. Genomic sequencing effort by MPC project also revealed that 26.32% (5 samples out of 19) tumors have alteration in the SPOP gene. Moreover, the mutant SPOP gene was in 15.79% prostate tumor samples. Further Prostate (SUTC 2019) study as mentioned in cBioportal database showed that 10.59% (47 samples out of 444) tumors contain various alterations in the SPOP gene whereas mutant SPOP gene was in 5.41% (24 cases) tumors. These databases suggest the importance of SPOP gene mutation in prostate tumorigenesis.
SPOP is an adapter component of the CUL3 E3-ligase complex, which degrades its target by adding an ubiquitin tag onto them. The known substrates of SPOP are androgen receptor [15] , the steroid co-activator SRC3 [16] , and the DEK and ERG oncogenes [17, 18] . It acts as tumor suppressive. As stated above SPOP has up to 15.79% mutation in primary prostate tumors [3] , suggesting that SPOP may act as a potential driver of prostate cancer. Mutated SPOP are unable to bind and promote the degradation of substrates, which leads to increased prostate cancer cell proliferation, invasion, and resistance to antiandrogen therapy of prostate cancer [3] . In a mouse model, mutations in SPOP result in prostate neoplasia through the activation of PI3K/mTOR signaling and upregulation of its substrate SRC3 [19] .
PTEN
Phosphatase and tensin homologue (PTEN), a tumor suppressor, is one of the most frequently mutated gene in human cancer [20] . About 40-50% of mutation have shown to occur in primary prostate tumors [21, 22] . A recent report of PRAD study recorded in cBioportal database states that 4.24% (43 samples out of 1013) of prostate tumors have mutated PTEN, however 16.49% of prostate tumor samples include other alteration in PTEN gene. The MPC project also reported that 5.26% of samples had a mutated PTEN gene whereas 15.79% (3 samples out of 19) samples contain multiple gene alterations. Genome sequencing analysis performed by SU2C 2019 revealed that 6.31% of prostate tumors comprise a PTEN gene mutation. However, 32.66% (145 samples out of 444) of tumors contain various types of alterations in the PTEN genome. These data indicate that mutation in the PTEN gene is one of the main reason of prostate tumorigenesis.
P T E N dea ct ivat es PI3K /A k t sig nal i ng pat hway by dephosphorylating lipid signaling molecules. However, the loss of PTEN results in growth, survival and poor prognosis of prostate cancer [23] . Besides these, accumulated evidence suggests that the deletion of PTEN is linked with metastasis of prostate cancer and higher Gleason grade of the disease [24, 25] . Loss of PTEN also results in the recurrence of the disease after therapy and may lead to the death of prostate cancer patients [26, 27] . Moreover, PIK3CA mutation and PTEN loss coexist in prostate cancer that cooperates and accelerates tumorigenesis and further facilitate castrate-resistant prostate cancers [28] . This acts synergistically and thus it could be therapeutic/prognostic approach against prostate cancer, particularly CRPC.
ATM
Ataxia-telangiectasia mutated (ATM) is a DNA repair gene, germline mutations of which responsible for a variety of human hereditary diseases and predisposition to cancer [29] . Genome sequence analysis by PRAD study as mentioned in cBioportal database shows that 4.54% of the 1013 prostate tumor samples have deleterious germline or somatic aberrations. However, 3.75% (38 samples out of 1013) acquire mutated ATM gene. Later gene sequence analysis by SU2C study revealed that 7.88% of 444 tumor samples have alterations in the ATM gene. The mutated ATM gene was found only in 26 cases out of 444 (5.86%) prostate tumor samples. Although the frequency of ATM gene mutation is low, it may play an important role in prostate tumorigenesis.
Mutations in DNA repair genes such as ATM are associated with aggressive prostate cancer. An advanced tumor stage and higher Gleason grade group is also found in prostate cancer patients with an enriched ATM mutation gene [30] . ATM pathway directly participates in the ionizing radiation-induced cell proliferation inhibition. A study has shown that the inactivation of the ATM pathway by using ATM inhibitors abolishes ionizing radiationinduced cell proliferation inhibition in prostate cancer cell lines [31] . Besides these, the frequency of aberrations in ATM is higher in CRPC [7] , which indicates ATM mutation has a potential role in mediating castration resistance.
CTNNB1
CTNNB1 gene encodes the cytoplasmic protein β-Catenin, which is known to be crucial in many steps of prostate tumorigenesis. It has been previously reported that 5% of prostate tumors harbor CTNNB1 mutations [32] . The PRAD (MSKCC/DFCI) study as mentioned in cBioportal database reported that 3.95% of 1013 prostate tumor samples contain alterations in their CTNNB1 genome. However, only 2.96% (30 samples out of 1013) have mutated CTNNB1. Further, the SU2C study performed genome sequence analysis of 444 prostate tumor samples and revealed that 8.56% of tumors contain alteration in the CTNNB1 genome. However, only 4.28% (19 samples out of 444) have mutated CTNNB1 gene. A genome sequence analysis done in 2019 (MPC project) has also reported that 10.53% (2 samples out of 19) of prostate tumors have CTNNB1 gene alterations that include mutation and amplification. Among them, 1 sample (5.26%) contains a mutation in the CTNNB1 gene.
The CTNNB1 encoded β-Catenin protein participates in the formation of the adherens junction with E-Cadherin and is also an important component of canonical WNT signaling [33] . It has been shown that CTNNB1 gene mutation in prostate cancer activates the WNT/β-catenin signaling cascade [34] . In a study, it was observed that the conditional deletion of the CTNNB1 gene in the prostates of experimental mice during embryonic stages resulted in decreased prostatic budding and also abolished development of the prostate [35] . Thus, β-Catenin is essential for prostate development, however its overexpression can promote invasive prostate cancer [36] .
AR
The androgen receptor (AR) is a steroid receptor, characterized as a ligand-dependent transcription factor. AR gene mutation in the primary tumor is usually rare but it is higher in advanced and androgen-independent tumors. In a study, out of 99 earlystage prostate tumors no mutation was observed in the AR gene. However, 21% of advanced-stage prostate tumors found to have a mutation in the AR gene [37] . Similarly, the PRAD study reported only 3.95% (40 samples out of 1013) of prostate tumors have a mutation in the AR gene while total 16.49% of samples found to have multiple types of alteration in AR genome. SU2C also reported 44 samples (9.91%) out of 444 prostate tumors with mutation and 58.78% tumors have multiple types of genomic alterations including a mutation in the AR gene. However, the MPC project found no prostate tumor sample with AR mutation among the 19 analyzed samples but 2 samples had amplification in the AR gene. AR signaling remains the ultimate driver of prostate tumorigenesis. The mutation or amplification of the AR gene further helps in the constitutive expression of AR protein that promotes sustained activation of the AR signaling pathway. In support, Shi et al. also found gain of function in 20 out of 44 such mutations in AR gene [38] . AR amplification, AR mutations, or constitutive activation of AR signaling also causes resistance of prostate cancer to therapeutic drugs, which targets AR signaling [1, 39] . Even in the androgen-depleted environment, prostate tumor cells with such mutations or amplifications are likely to provide a growth advantage [40] .
FOXA1
Forkhead box A1 (FOXA1) is a transcription factor involve in growth and differentiation of prostate cancer. Unlike AR, mutations in FOXA1 have been found in both primary tumors as well as metastatic prostate tumors. Earlier whole genome sequencing analysis showed that FOXA1 mutations occur in 3.4 -5.2% of prostate tumors [3, 21] . However later study by PRAD reported mutation in 6.22% (63 samples out of 1013) of prostate tumors, although 9.38% of tumors contain multiple alterations in the FOXA1 gene. SU2C study as recorded in cBioportal database, revealed that the mutated FOXA1 gene found in 9.01% (40 cases out of 444) tumors while 13.96% samples contain multiple alterations including mutation. Recently the MPC project reported a 5.26% prostate tumor with a mutation in the FOXA1 gene. These latest studies indicate that FOXA1 gene is mutated in more than 5% of prostate tumors, which is much more than previous studies [3, 21] .
FOXA1 drives prostate tumorigenesis by interacting with AR. It has been found that prostate tumors with FOXA1 mutation have the highest AR transcriptional activity. In CRPC, AR preferentially binds to FOXA1 mutants [41] . Studies showed that metastatic and high-grade prostate tumors contain amplification of the FOXA1 gene, which indicates alterations in the FOXA1 contribute to metastasis and advancement in disease progression [21, 42, 43] . Mutation in FOXA1 gene results in a gain of function activity [44] . It has been also speculated that mutation in FOXA1 stabilizes the protein that leads to an increase in its DNA binding affinity, resulting in the expression of FOXA1 target proteins [45] . Thus, FOXA1 has a role in prostate tumorigenesis either in the form of wild type or in mutant form.
KMT2D
Histone lysine methyltransferase 2D (KMT2D/MLL2) is an important epigenetic modifier. It catalyzes the methylation of H3K4 [46] and plays an important role in prostate tumorigenesis. Approximately 0-12% of prostate tumors have been found to contain the KMT2D gene with mutation [47] . Supporting this data, the PRAD study also revealed that 6.42% of prostate tumors in 1013 samples have mutated KMT2D gene. The SU2C study also found 8.33% (37 samples out of 444) of prostate tumors with mutations in KMT2D gene. Besides these, the MPC project S. Prasad et al./Annals of Urologic Oncology 2019; 2(2): 40-46 revealed by whole genome sequence analysis that 10.53% (2 samples out of 19) are with mutated KMT2D gene. This project also found various other types of alterations including a mutation in 21.05% of prostate tumors in the KMT2D gene. However, in Chinese patients, the KMT2D gene was found to be highly mutated (63.04%, 29/46) as analyzed by using disease-targeted sequencing [48] .
The expression of KMT2D is essential for tumor cell survival, proliferation, and resistance of various cancers [49, 50] . In prostate cancer, it has been shown that mutation in the KMT2D gene is 'prostate cancer-specific' and might involve in the malignant progression from high grade prostatic intraepithelial neoplasia to cancer [51] . Inactivation of the KMT2D gene causes genomic instability in prostate cancer. Also, KMT2D mutated cells display signs of substantial transcription stress that elevate levels of γH2AX, and further frequent mutation [52] .
BRACA2
Mutations in the tumor suppressor gene BRCA2 have reported to be a genetic risk factor for prostate cancer. Kote-Jarai et al [53] have shown that germline BRCA2 mutations are present in 1.2 -2% of prostate cancer cases. However, cBioportal data from recent studies revealed that the BRCA2 gene is mutated in 2.76 -26.32% of prostate tumor cases. Observation of PRAD study showed that 2.76% (28 cases out of 1013) of prostate tumor have mutated BRCA2 gene and total alterations in BRCA2 gene were in 5.23% of prostate cancer samples. However, SU2C study revealed that 8.33% (37 samples out of 444) of prostate tumors contain mutations in BRCA2 gene and total alterations including mutation were in 12.16% of tumors. Besides these studies, MPC project found 26.32% (5 samples out of 19) of prostate tumor with BRCA2 gene mutation, which is markedly higher than the findings of PRAD and SU2C studies. This difference could be linked with the number of cases used for the analysis.
BRCA2 mutation in prostate cancer patients causes poor prognosis and worse therapeutic clinical outcomes. In addition, BRCA2-mutant tumors can tolerate castration that helps in enabling the tumor to evade androgen deprivation therapy [54] . Germline mutations in the BRCA2 also increase the risk of prostate cancer development. It has been shown that BRCA2 mutation in prostate cancer causes genomic and epigenomic dysregulation of the MED12L/MED12 axis, which is one of the factor of metastatic CRPC [55] . Mutation in the BRCA2 gene also causes a decrease in the overall survival of prostate cancer patients. In a cohort study, Edwards et al. [56] showed that patients with BRCA2 mutation had a median survival of 4.8 years compared to 8.5 years of non-mutated patients. These studies conclude that germline mutations in BRCA2 result in poor prognosis, increases risk, decreases overall survival and various other complications in prostate cancer patients.
APC

APC (Adenomatous Polyposis Coli) is a tumor-suppressor gene.
Although its mutation is primarily involved in the early stage of tumor development in the digestive tract, a mutation in the primary and advanced stage of prostate tumors has also been reported [57] . Mutations in APC gene were found to be from 3-10% of prostate cancer samples as observed by various whole genome sequencing studies [58] . A later analysis by PRAD study as reported in cBioportal database showed that 3.26% (33 cases out of 1013) contain mutations in the APC gene while other genomic alterations including mutation were 5.03% in prostate tumors specimens. Further SU2C study revealed that APC genes are mutated in 6.98% (31 cases out of 444) of prostate tumors. This study, however, found 8.11% of prostate tumors with multiple alterations in the APC gene.
The APC acts as an antagonist of the Wnt/β-catenin signaling pathway. Deletion of APC gene causes induction of prostate tumor through elevation of Wnt/β-catenin proteins. The mutation of APC gene also involve in metastasis of prostate cancer [59, 60] . In addition, the deletion of the APC gene causes high-grade prostatic intraepithelial neoplasia (HGPIN) in mouse prostate epithelium, with high penetrance but this does not lead to metastasis [59] . Besides these, methylation of the APC promoter contributes to the activation of Wnt/β-catenin signaling pathway and results in the poor prognosis of prostate cancer [61] . APC has been reported to undergo loss of heterozygosity in around 20% of primary cancers and 90% APC promoters are found to be CpG methylated in prostate tumors [62, 63] .
Conclusion
Recent molecular profiling efforts, such as TCGA, MSKCC/ DFCI (2018), Metastatic Prostate Cancer Project (2018) and SU2C/ PCF Dream Team (2019) have identified most frequently mutated genes that have a high impact on development and progression of cancer. The findings of these studies suggest that the frequency of mutation in these driver genes of prostate cancer is higher, although the percentage of prostate tumors with mutation in each study is not exactly similar (Figure 1) . These variations are probably associated with the geographical region of patients and the number of samples analyzed in the studies. Thus, a larger number of prostate tumor samples should be analyzed to minimize the variation in mutation rate. As cancer genome sequencing has revolutionized the understanding of genetic of cancer, it will help in routine potential genomic profiling in the clinical practice and in invaluably characterizing the phenotypic consequences of these gene alterations.
Considering the status of mutations in the genes that drive carcinogenesis, prostate cancer can be potentially targeted at somatic as well as at the germline level. There would be a possibility to integrate Next-Gen Sequencing to the clinical practice. This approach may provide additional predictive value to the conventional therapy and it may be useful to the prostate cancer patients with distinct clinical manifestation of disease and different response to therapy. Besides these, ultra-deep sequencing of prostate tumors can be also performed to detect rare mutations, which will provide additional information on prostate tumor heterogeneity. Advancement in tumor gene mutation profiling at a personalized level in a clinical setting can also be feasible to translate genome sequencing from bench to bedside, which will advantageous in prostate cancer treatment.
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